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We present an exhaustive study of the coherent heat transport through superconductor-ferromagnet(S-F)
Josephson junctions including a spin-filter (Is f ) tunneling barrier. By using the quasiclassical Keldysh Green’s
function technique we derive a general expression for the heat current flowing through a S/F/Is f /F/S junction and
analyze the dependence of the thermal conductance on the spin-filter efficiency, the phase difference between
the superconductors and the magnetization direction of the ferromagnetic layers. In the case of non-collinear
magnetizations we show explicitly the contributions to the heat current stemming from the singlet and triplet
components of the superconducting condensate. We also demonstrate that the magnetothermal resistance ratio
of a S/F/Is f /F/S heat valve can be increased by the spin-filter effect under suitable conditions.
I. INTRODUCTION
Two fields have been attracting increasing attention among
several research groups in the recent years: Spintronics with
superconductors1–4 and coherent caloritronics5–21. Both fields
exploit phase-dependent phenomena which are key charac-
teristics of superconducting circuits. On the one hand, su-
perconducting spintronics is emerging as a possible tech-
nology from the discovery of spin-polarized supercurrents3
in superconductor-ferromagnet (S/F) hybrid nanostructures.
Such supercurrents are due to existence of triplet supercon-
ducting correlations created by magnetic inhomogeinities22.
Once generated, triplet correlations can penetrate over long
distances into ferromagnets as observed in experiments on
S/F/S Josephson junctions23–26. These experiments sug-
gest the possibility of using S/F hybrids in spintronic cir-
cuits with the aim of lowering the dissipation4. On the
other hand, the study of heat transport in nanoscale devices,
i.e. caloritronics, also attracts the attention of researchers
working on nanodevies27–29 containing for example normal
metal, ferromagnets30,31 and superconductors32,33. Of par-
ticular interest is the recent experimental control of the heat
current flowing through a Josephson junction by tuning the
macroscopic phase-difference between two superconducting
reservoirs5,34,35, as predicted in several theoretical works36–40.
The interplay between superconductivity and ferromag-
netism in the context of heat transport has been recently used
to describe a phase-tunable heat-valve in a recent theoretical
work.41 . The valve is a F/S/I/S/F Josephson junction (I de-
notes a non-magnetic tunneling barrier) and its operating prin-
ciple is based on both phase-coherence and spin-dependent
transport. Moreover, it is well known that in junctions con-
taining S/F elements both singlet and triplet pair correlations
are generated and contribute to the Josephson (charge) current
and, as we will prove below, to the phase-dependent part of the
heat current. If a spin-filter with a large efficiency is used as
a tunneling barrier, the singlet contribution to the Josephson
current is suppressed and a highly spin-polarized supercur-
rent can be achieved in a S/F/Is f /F/S junction provided that
the magnetizations are non-collinear48(Is f denotes the spin-
FIG. 1. (Color online) (a) Sketch of the generic SFIs f FS Joseph-
son tunnel junction. It consists of two identical SF layers coupled
by a spin-filter barrier Is f . TL and TR denotes the temperatures of the
superconductors whereas φ is the macroscopic quantum phase differ-
ence over the junction. (b) Thermal conductance κ vs temperature T
calculated for different values of r at φ = 0 in the absence of Zeeman
splitting in the superconducting electrodes. (c) The same quantity
as in panel (b) calculated for φ = pi . κN denotes the thermal con-
ductance in the normal state while Tc is the superconducting critical
temperature.
filter tunneling barrier). As we shall show in the present work,
this also applies for the phase-coherent part of the heat current
flowing through a S/F/Is f /F/S junction.
The spin-filter effect has been intensively studied in eu-
ropium chalcogenides tunneling barriers.42,43,45 This type of
barriers possess very large spin-filter efficiencies (typically
larger tan 95%) and, therefore, they are ideal candidates for
the creation of spin-polarized currents. In tunnel junctions
made of superconducting electrodes and spin-filter barriers,
measurements of the tunneling conductance have revealed
that the interaction between conducting electrons in the leads
and the localized magnetic moments of the barrier lead to
a Zeeman-splitting in the density of states of the supercon-
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2ducting electrodes42,46, as theoretical expected.47 An experi-
ment performed on NbN/GdN/NbN junctions has shown that
the temperature dependence of the Josephson current flow-
ing through a GdN barrier (with a spin-filter efficiency of
∼ 75%) clearly deviates from that expected in conventional
S/I/S junctions49, thus suggesting an interplay between mag-
netism of the barrier and superconducting condensate of the
electrodes, as described recently in a theoretical work.48
In the present work we combine ideas from S/F hybrid
structures and caloritronics studies in order to analyze the
phase-dependent heat transport through such structures. We
extend the model proposed in Ref.50 for the heat transport
through S/Is f /S and F/S/Is f /S/F junctions and derive compact
expressions for the thermal conductance. With the help of our
model we are able to study in detail the dependence of the heat
conductance on the spin-filter efficiency, the superconducting
phase and the relative angles between the magnetization of
the ferromagnetic layers. In analogy to the charge supercur-
rent we shall demonstrate that the phase-dependent part of the
heat current consists of two contributions stemming from sin-
glet and triplet pair correlations, respectively. Moreover, as
for the charge transport studied in Ref.48, the spin-filter ef-
fect suppresses the singlet contribution to thermal transport
leading to spin-polarized heat currents. Finally, we show how
the spin-filter barriers can be used for the enhancement of the
magnetothermal resistance of Josephson heat valves as those
recently proposed in Ref.41.
The paper is organized as follows: In Sec. II we derive a
general expression describing the heat current flowing through
a generic spin-filter junction. With the help of this expression,
in section III we first analyze the heat conductance through
a a S/Is f /S junction as the one used in the experiments.42,49
We demonstrate that while for a zero-phase difference be-
tween the superconductors the thermal conductance increases
by increasing the spin-filter efficiency, the opposite regime is
achieved if the phase difference φ equals to pi . This behavior
holds in the presence of a Zeeman splitting in the supercon-
ductors and also if we neglect this field. We also show that for
a large spin-filter efficiency of the barrier the maximum value
of the thermal conductance depends non-monotonically on the
amplitude of the Zeeman splitting. In section IIIB we con-
sider a triplet Josephson junction consisting of a F/S/Is f /S/F
structure, for which the magnetization direction of the outer F
layers can point in arbitrary direction with respect to the spin
quantization axis determined by the magnetization of the Is f
barrier. We explicitly show the contributions of the singlet
and triplet part of the condensante to the heat conductance.
In section IIIC we discuss the ferromagnetic Josephson ther-
mal valve and show that the magnetothermal resistance ratio
in the structure can reach values as large as 106− 108 at low
temperature depending on the macroscopic phase and on the
spin-filter efficiency of the barrier. Finally, we summarize our
results in Sec. IV .
II. THE MODEL
We consider the generic Josephson junction sketched in
Fig. 1(a). It consists of two S/F electrodes tunnel-coupled
by a spin-filter barrier Is f . The thin F layers may model the
effective exchange field induced in the S electrodes due to the
presence of the magnetic barrier.48 This model is accurate if
one assume that the F and S layers are in good electric con-
tact and their thicknesses are small enough.51 The junction is
phase- and temperature-biased. The phase difference between
the left (L) and right (R) electrode is denoted by φ , while their
temperatures are kept constant, at TL and TR, respectively. In
order to describe the electronic transport in the junction we
introduce the quasiclassical Green’s functions (GFs) in the L
and R electrodes which are 8×8 matrices in the Nambu-spin-
Keldysh space:
GR(L) =
(
GˇRR(L) Gˇ
K
R(L)
0 GˇAR(L)
)
, (1)
where GˇR,A,K are the retarded, advanced and Keldysh com-
ponents, respectively, which are 8×8 matrices in the Nambu-
spin space.
The expression for the charge current Iq taking into account
the spin-filter effect was derived in Refs.48,50 and reads
Iq = [16eRN(T2+U2)]−1
∫
dεTr
{
τˆ3
[
Γˇ GˇR(ε)Γˇ†, GˇL(ε)
]K}
,
(2)
where T and U are the tunneling spin-independent and
spin-dependent matrix elements (for simplicity we neglect
their momentum dependence), Γˇ = T + Uτ3 ⊗ σ3, RN =
[4pie2NL(0)NR(0)(T2+U2)]−1 is the junction resistance in the
normal state, NR(L) are the density of the states at the Fermi
level in the left or right electrode, respectively, and e is the
electron charge. In analogy and following the derivation car-
ried out in Ref.50one can demonstrate that the heat current Q˙
is given by
Q˙ = [16e2RN(T2+U2)]−1
∫
dεεTr
{[
Γˇ GˇR(ε)Γˇ†, GˇL(ε)
]K}
.
(3)
The GF’s in Eqs. (2-3) have the general structure
GˇR(A)R(L) = gˆ
R(A)τ3+ fˆ R(A)(cos(φ/2)iτ1± sin(φ/2)iτ2) (4)
GˇKR(L) = (Gˇ
R− GˇA) tanh( ε
2TR(L)
), (5)
where τ1,2,3 are the Pauli matrices in Nambu space, gˆR(A) is
the normal and fˆ R(A) the anomalous component of the re-
tarded (advanced) GFs. The latter are 2×2 matrices in the
spin-space and are determined by solving the quasiclassical
equations in the F/S electrodes. Thus, both Iq and Q˙ are
given by Eqs. (2,3) after substituting the values of the GFs
at the interface.52 For simplicity we assume that the thick-
ness of the S and F layers (tS,tF ) is smaller than the char-
acteristic length over which the GFs vary. In such a case
one can average the quasiclassical equations over the thick-
ness of the F/S bilayer that is now described by an effec-
tive exchange field (h) and superconducting order parameter
3(∆) defined by51 h/h0 = NF(0)tF(NS(0)tS +NF(0)tF)−1 and
∆/∆0 = NS(0)tS(NS(0)tS +NF(0)tF)−1, respectively. In the
expressions above, h0 is the bare exchange field existing in
each ferromagnetic layer, ∆0 the bulk superconducting energy
gap, and NF,S(0) is the density of states at the Fermi level
in the F or S layer, respectively. The normal and anomalous
functions in Eqs. (4,5) are given by53 (we skip the upper in-
dices R and A) :
gˆ =
g++g−
2
+
g+−g−
2
σ3 (6)
fˆ = fs+ ftσ3, (7)
where fs = ( f++ f−)/2 is the singlet, and ft = ( f+− f−)/2
is the triplet (with vanishing total spin projection) components
of the condensate, and
gR± =
(ε±h)√
(ε±h+ iη)2−∆2 (8)
f R± =
∆√
(ε±h+ iη)2−∆2 . (9)
Same expressions hold for the advanced GFs if we substi-
tute iη by −iη . The latter parameter describes the inelas-
tic scattering rate within the relaxation time approximation54
and it is set η = 10−5∆0 throughout the article. The den-
sity of the states of the electrodes is given by the real part
of gR++ g
R−. Notice that the order parameter ∆ in Eqs. (8,9)
has to be calculated self-consistently from the gap equa-
tion ln(∆0/∆) =
∫ h¯ωD
0 dε(ε
2+∆2)−1/2[ f+(ε)+ f−(ε)], where
f±(ε) =
{
1+ exp[ 1T (
√
ε2+∆2∓h)]
}−1
and ωD is the De-
bye frequency of the superconductor. Eqs. (3-9) are used in
the next sections in order to analyze the heat transport through
a variety of tunneling junctions based on the prototypical ex-
ample of Fig. 1(a).
III. RESULTS
We now use the above derived equations to determine the
heat transport through Josephson junctions with spin filters.
While the charge current (quasiparticle and Josephson compo-
nents) in such structures has been analyzed both experimen-
tally ( in Al/EuS/Al42, and NbN/GdN/NbN49 junctions) and
theoretically discussed48,50, heat transport in S/Is f /S has not
be studied so far. In what follows we present the results for
the thermal conductance, κ = Q˙/δT , in different structures.
κ can be obtained from Eq. (3), and in the case of identical
electrodes is given by
κ =
1
2e2RN
∑
α=±
∫
dεε.
(
∂F
∂T
){
N2α − rM2α cosφ
}
, (10)
where δT = TL − TR, (∂F/∂T ) = −ε/[2T 2 cosh2(ε/2T )],
Nα = (gRα − gAα)/2, Mα = ( f Rα − f Aα )/2, r = T
2−U2
T2+U2
, and we
have assumed that δT  T = (TR+TL)/2. The parameter r is
a measure for the spin-filter efficiency P=
√
1− r2 of the bar-
rier: it is equal to 0 for a 100% spin-filter efficiency and r = 1
FIG. 2. (Color online) (a) Thermal conductance vs T calculated for
several values of r at φ = 0. (b) The same quantity as in panel (a)
calculated for φ = pi . In panels (a) and (b) we set h= 0.4∆0 where ∆0
is the zero-temperature, zero-exchange field superconducting order
parameter. (c) Thermal conductance vs T calculated for a few values
of h at φ = 0 and for finite spin-filter efficiency (r = 0.5). (d) The
same quantity as in panel (c) calculated in the absence of a spin-filter
barrier (r = 1).
for a non-magnetic barrier. The second term in the r.h.s of Eq.
(10) is the phase-dependent anomalous term, which was ob-
tained for the first time by Maki and Griffin.36. According to
Eq. (10) the phase-coherent contribution to κ is suppressed by
increasing the spin-filter efficiency, i.e., by decreasing r. The
fact that an increasing spin-filter efficiency blocks gradually
the phase-dependent contribution to the heat current, demon-
strates that the latter is due to electron pairs with different spin
orientation. As we shall show below, if we allow for triplet
pairs with finite total spin projection, the phase-dependent
contribution to κ does not vanish even if P= 1.
A. The S/Is f /S Junction
We start our analysis by considering a simple S/Is f /S junc-
tion. We first assume that there is no exchange field induced
in the S electrodes. This occurs when the coupling between
the conducting electrons in the superconducting leads and the
magnetic moments localized at the barrier can be neglected,
4for instance, due the presence of a non-magnetic oxide be-
tween the Is f and S layers42. In such a case, one can set in Eq.
(10) N+ = N− and M+ = M−. Figures 1(b) and (c) show the
temperature dependence of κ for two values of φ and differ-
ent spin-filter efficiencies. Throughout the paper the thermal
conductance is shown normalized to that in the normal state,
κN = L0T/RN , where L0 = pi2k2B/3e2 is the Lorenz number
and kB is the Boltzmann constant. If φ = 0 the contribution
to κ from the phase-dependent part is negative, and therefore
by decreasing r, (i.e., by increasing the efficiency of the spin-
filter) the thermal conductance increases [see Fig. 1(b)]. On
the contrary, for φ = pi the anomalous contribution to κ is pos-
itive, and the thermal conductance decreases with r. With the
exception of r = 1 and φ = 0 case, κ always shows a maxi-
mum at a certain finite temperature (T ≈ 0.55TC).
If we now assume a good Is f /S contact and thin S layers the
density of states of the latter shows a Zeeman splitting which
acts as an effective exchange field h inside the superconductor
in accordance with Eq. (8). This is induced by the magnetic
proximity effect of the Is f barrier42,47. We note that our model
can also describe S/F/ Is f /F/S structures with two thin ferro-
magnetic films [see Fig. 1(a)]. In Figs. 2(a) and 2(b) we have
chosen h = 0.4∆0 and calculated the temperature dependence
of κ for φ = 0 and φ = pi , respectively. Due to the presence
of the exchange field the superconducting critical temperature
of the SF electrodes is reduced by a factor ∼ 0.875 with re-
spect to the bulk Tc. The black curves in Figs. 2(a) and 2(b)
correspond to a perfect spin-filter with P= 1 (r = 0). Accord-
ing to Eq. (10), in this case, the only contribution to κ comes
from the quasiparticle channel. As in the zero exchange field
case, if r 6= 0 the corrections to κ from the phase-dependent
anomalous term in Eq. (10) are negative for φ = 0 and posi-
tive for φ = pi . This explains why for φ = 0 the amplitude of
the thermal conductance decreases by increasing r [see Fig.
2(a)], whereas for φ = pi the thermal conductance increases
with r [see Fig. 2(b)].
In panels (c) and (d) of Fig. 2 we compare the κ(T ) de-
pendence in the presence and in the absence, respectively, of a
spin-filter barrier. Here we set a zero phase difference, φ = 0.
If the tunneling barrier is non-magnetic, r = 1, the transition
to the superconducting state leads to a decrease of the thermal
conductance as shown in Fig. 2(d). Notably, in this case for
any temperature κ increases monotonically by enhancing the
amplitude of the effective exchange field h. By contrast, if
the tunneling barrier has a finite spin-filter efficiency (r = 0.5
which corresponds to P ≈ 0.88), below the superconducting
transition temperature, T . Tc, the thermal conductance in-
creases by decreasing the exchange field. By further decreas-
ing the temperature, κ shows a maximum, and then decays to
zero [see Fig. 2(c)]. The maximum value of κ (κmax) depends
non-monotonically on h: For small enough values of h, κmax
decreases by increasing h, however for 0.4∆0 < h < 0.5∆0 it
turns out to increase.
From Eq. (10) it clearly appears that for a spin-filter with
100% efficiency (r = 0), the anomalous contribution to κ van-
ishes [i.e., the last term in Eq. (10 is zero] and therefore the
heat transport will not depend on the phase difference φ .
FIG. 3. (Color online) (a) The triplet FSIs f SF Josephson tunnel junc-
tion discussed in the text. The two FS bilayer are tunnel-coupled by a
spin-filter barrier Is f . (b) The exchange fields (hL,R) in the ferromag-
netic layers are confined to the y− z plane, and are misaligned by an
angle α and β , respectively, with respect to the z-axis. The latter is
defined by the magnetization direction of the Is f barrier.
B. Triplet Josephson junctions with spin-filter
In order to detect the spin triplet supercurrents, long-
range Josephson effect has been measured in a variety of
multilayered ferromagnetic structures24,25,55 with inhomoge-
neous magnetic configurations. According to the theoreti-
cal prediction3 , such inhomogeneity induces the triplet pair
correlations with equal spin-projection in the ferromagnetic
bridge. Here we aim to understand the heat transport through
S/F hybrid structures containing tunneling barriers. For that
sake we consider the structure shown in Fig. 3(a). It consists
of two FS bilayers tunnel-coupled by a spin-filter barrier. We
set the z-axis (spin quantization axis) parallel to the magneti-
zation of the Is f layer, and define the angles, α and β , which
describe the direction of magnetization of the left and right
ferromagnets, respectively [see Fig. 3(b)]. For a good contact
between the S and F layers and small enough thicknesses this
structure is equivalent to the one shown in Fig. 1(a).
The generalized expression for the thermal conductance in
this case can be derived from Eq. (3) with the help of the tech-
nique used in Refs.48,50. We obtain κ = κqp +κφ , where κqp
is the contribution from the quasiparticles to thermal transport
given by
κqp=
1
4e2RN
∫
dεε.
(
∂F
∂T
){
[N++N−]2+ (11)
+ [N+−N−]2 cosα cosβ + r sinα sinβ [N+−N−]2
}
,
and κφ is the anomalous phase-dependent contribution that
can be written in terms of the singlet ( fs) and triplet ( ft ) com-
ponent of the condensate:
κφ =− cosφ4e2RN
∫
dεε.
(
∂F
∂T
)[
rM2t cosα cosβ+
+ rM2s +M
2
t sinα sinβ
]
, (12)
where Mt ≡ M+ −M− = f Rt − f At and Ms ≡ M+ + M− =
f Rs − f As . Notice that even in the case of a perfect spin-filter
efficiency (r = 0) there is a phase-dependent contribution to
κ provided that the magnetization of the F layers are non-
collinear with the one of the barrier (i.e., α,β 6= 0,pi). In such
a case, the measured κ(φ) dependence is a direct manifes-
tation of the triplet component of the condensate in analogy
5FIG. 4. (Color online) (a) Thermal conductance vs T calculated for
several values of r at φ = 0. (b) The same quantity as in panel (a)
calculated at φ = pi . In panels (a) and (b) we set α = β = pi/2.
(c) Thermal conductance vs T calculated for several values of β at
φ = 0. (d) The same quantity as in panel (c) calculated at φ = pi . In
panels (c) and (d) we set r = 0 and α = pi/2. In all the calculations
of the figure we assumed h = 0.2∆0.
to the finite charge supercurrent flowing through a fully ef-
ficient spin-filter, as recently predicted in Ref.48. Again, the
phase dependent contribution κφ is proportional to cosφ [cf.
Eq.(10)] and therefore we expect for κ(T ) a similar behavior
as for the S/Is f /S structure. This is confirmed in panels (a)
and (b) of Fig. 4 where we show the temperature dependence
of κ for the F layers having a magnetization parallel to each
other but perpendicular to the magnetization of the barrier, i.e.
α = β = pi/2. In particular, the thermal conductance can in-
crease considerably with respect to the normal value if φ = pi .
In panels (c) and (d) of Fig. 4 we show the temperature de-
pendence of κ for different angles β by setting α = pi/2. In
the φ = 0 case maximum values for κ are achieved for β = 0,
whereas if φ = pi the maximum κ is observed for β = pi/2.
In the case of a perfect spin-filter (r→ 0), one can see from
Eq. (12) that only the triplet term Mt contributes to κ . This
term describes the spin-polarized heat current.
In principle one can analyze the contributions from the sin-
glet and triplet pairs density separately by consider the junc-
tion of Fig. 3(a) with a non-magnetic tunneling barrier (i.e.,
FIG. 5. (Color online) (a) Singlet pairs contribution to thermal con-
ductance vs T calculated for several values of the exchange field in
the ferromagnetic layers. (b) Triplet pairs contribution to thermal
conductance vs T calculated for the same h values as in panel (a).
r = 1). We set the magnetization of one of the F layer fixed
(e.g., α = 0) and then we switch the other F layer magnetiza-
tion between a parallel (β = 0) or antiparallel (β = pi) config-
uration. If we now perform a phase-biased experiment5 and
measure Sβ , i.e., the difference between the heat conductance
κ(φ ,β ) for φ = 0 and φ = pi ,
Sβ = κ(0,β )−κ(pi,β ), (13)
in the parallel and antiparallel configuration it is clear from
Eqs. (11-12) that S0 + Spi represents the contribution from
singlet pairs
S0+Spi =− 1e2RN
∫
dεε.
(
∂F
∂T
)
MLs M
R
s , (14)
whereas the difference S0−Spi represents the one from triplet
pairs
S0−Spi =− 1e2RN
∫
dεε.
(
∂F
∂T
)
MLt M
R
t . (15)
These two contributions are plotted in Fig. 5 as a function of
the temperature for different values of the exchange field. In
particular, the maximum contribution from the singlet com-
ponent is achieved for the lowest values of the exchange field
around T ∼ 0.5Tc, whereas the triplet contribution is max-
imized by increasing the exchange field value (i.e., in the
present case h = 0.5∆0) around T ∼ 0.25Tc. At large enough
exchange fields both contributions tend to be similar. We note
that at low temperature the amplitude of the singlet component
decreases not monotonically by increasing h whereas that of
the triplet contribution turns out to monotonically increase by
increasing the exchange field.
C. The Josephson heat valve
A similar junction as the one shown in Fig. 3(a) (with a
non-magnetic tunneling barrier instead of Is f ) was recently
6FIG. 6. (Color online) (a) Magnetothermal resistance ratio MTR vs
temperature T calculated for several values of r at φ = 0 and h =
0.4∆0. (b) MTR ratio vs T calculated for the same r values as in
panel (a) at φ = pi and h = 0.4∆0. (c) MTR ratio vs phase calculated
for the same r values as in panel (a) at T = 0.1Tc and h = 0.4∆0. (d)
MTR ratio vs phase calculated for a few values of the exchange field
h at T = 0.1Tc and r = 0.5.
proposed by the authors as a heat valve41. It was shown that
the electronic contribution to thermal conductance strongly
depends on the relative magnetization angle between the F
layers. In particular, values for the magnetothermal resistance
(MTR) ratio as large as 105−107% has been predicted to oc-
cur at low temperature41. The MTR ratio can be defined as
MTR =
κP−κAP
κAP
, (16)
where P and AP denote the parallel and antiparallel configu-
ration of the magnetization in the F layers, respectively. In the
context of the present paper a natural question arises: How
does a spin-filter barrier affect the MTR ratio? The answer
to this question can be found in Fig. 6 where we plot the be-
havior of the MTR as a function of the temperature and the
Josephson phase. Figure 6(a) shows that the MTR ratio in-
creases by increasing the spin-filter efficiency for φ = 0. In
such a case, a 100% spin-filter efficiency [upper curve in Fig.
6(a)] leads to values of MTR which are almost two orders of
magnitude larger than in the absence of a magnetic barrier
[r = 1, lower curve in Fig. 6(a)]. By contrast, for φ = pi the
MTR ratio depends only weakly on r, and decreases by in-
creasing the spin-filter efficiency. The heat valve effect turns
out to be maximized for both phases around T ∼ 0.1Tc.
The phase dependence of the MTR is plotted in the lower
panels of Fig. 6. Figure 6(c) shows this dependence for
T = 0.1Tc and the same r values as in panels (a-b) . The
MTR ratio is minimized for zero phase difference and reaches
its maximum value at φ = pi . Since we are only considering
collinear magnetizations (i.e., either parallel or anti-parallel)
the phase-dependent contribution to κ vanishes if r = 0 [cf.
Eq. (12)], and in turn the MTR ratio does not depend on φ ,
as shown by the black curve in Fig. 6(c). All curves cross
at φ = pi/2, which is the phase value separating the two be-
haviors: If 0 ≤ φ < pi/2 the MTR decreases by increasing
r while the opposite behavior is achieved for pi/2 < φ ≤ pi .
It is worthwhile mentioning that in the parallel configuration
the Josephson valve heat conductance is maximized. In con-
trast, the dc Josephson effect is maximized by the anti-parallel
configuration.51 This means that in the P configuration the
ferromagnetic Josephson junction behaves as an almost ideal
electric insulator whereas in the AP one it behaves as an ideal
thermal insulator41.
Panel 6(d) shows the phase dependence of the MTR ratio
calculated for a few different values of h and a moderate spin-
filter efficiency r = 0.5 at T = 0.1Tc. It clearly appears that
the larger the splitting field induced in the S layers, the larger
is the heat valve effect.
IV. SUMMARY
In summary, we have presented an exhaustive study of
the electronic heat transport in SF/Is f /SF Josephson junctions
with magnetic and non-magnetic Is f tunneling barriers. Gen-
eral expressions for the heat current and heat conductance κ
were derived taking into account the spin-filter efficiency P
of the barrier. It has been shown that κ strongly depends on
P. For a given value of the exchange field two behaviors have
been found: In the case of a zero phase difference between
the SF electrodes an increasing spin-filter efficiency leads to
a increase of κ , whereas the opposite behavior is achieved if
φ = pi . We have also investigated the heat conductance in the
case that the magnetizations of the F layers and the spin-filter
are non-collinear. We explicitly computed the contributions
to κ stemming from singlet and triplet pair correlations. Fi-
nally, we have analyzed a heat valve based on a F/S/Is f /S/F
Josephson junction, and demonstrated that for pi/2 < φ ≤ pi
the lowering the spin-filter efficiency of the barrier leads to a
sizable enhancement of the magnetothermal resistance ratio.
We finally discuss here some potential applications of the
analyzed structures. Ferromagnetic Josephson heat valves can
be used whenever a precise tuning and mastering of the tem-
perature is required, for instance, for on-chip heat manage-
ment as a switchable heat sink. Furthermore, such a valve
setup can be useful as well, to tune the operation temper-
ature of radiation sensors.27,57 In the context of quantum
7computation58 these elements can also be used to influence
the behavior and the dynamics of two-level quantum systems
through temperature manipulation. Finally, the strong depen-
dence of the Josephson supercurrent on temperature can be
exploited for the realization of controllable thermal Joseph-
son junctions of different kinds27,59–62.
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